OBJECTIVES The purpose of this study was to evaluate the usefulness of intra-atrial dyssynchrony as a marker of underlying left atrial (LA) remodeling to predict recurrence after the first atrial fibrillation (AF) ablation.
out of a diverse patient population with different degrees of left atrial (LA) remodeling (2) . Previous studies reported that indices associated with LA remodeling can predict AF recurrence after successful ablation, including the minimum left atrial volume (V min ), LA emptying fraction (3), LA peak longitudinal strain, LA strain rate (3) , and LA fibrosis (4) . Recently, LA intra-atrial dyssynchrony assessed by 3dimensional (3D) echocardiogram was also reported to predict AF recurrence in patients with paroxysmal AF (5) . It is possible that intra-atrial dyssynchrony reflects the underlying LA remodeling and LA fibrosis better than the other indices regardless of AF type.
In this study, we aimed to investigate the role of LA intra-atrial dyssynchrony during sinus rhythm in predicting the outcomes of ablation for both paroxysmal and persistent AF. We hypothesized that LA intraatrial dyssynchrony of quantified by tissue tracking cardiac magnetic resonance (CMR) before catheter ablation predicts AF recurrence after the first AF ablation, independent of other indices of LA remodeling. phy. Approximately 50% to 70% of patients undergo CMR and the remaining 30% to 50% cardiac computed tomography. The decision to choose CMR over computed tomography is affected by several factors, including patient preference (e.g., claustrophobia), presence of pacemakers or defibrillators, physician preference, and scheduling logistics. Patients with prior AF ablation or surgical procedure in the LA were excluded. Patients who were in AF at the time of CMR were also excluded (n ¼ 37). We also randomly divided our cohort into 2 groups, a training group (n ¼ 103) and a test group (n ¼ 105). LGE images were acquired within 15 to 25 min after the injection of gadopentetate dime- Ciuffo et al.
Patients were seen in clinic 10 to 12 weeks after ablation. At the clinic visit, antiarrhythmic and anticoagulation drugs were discontinued at the discretion of the physician according to patient's stroke risk.
Then, patients were followed by the referring physician on a regular basis. In addition, the patients received direct telephone interviews or emails with standardized questionnaire to report AF symptoms, if 
RESULTS
PATIENT DEMOGRAPHICS. A total of 208 patients were included in the final analysis. Table 1 summarizes Tables 1 and 2. indices, with respective mean difference of 0 and À0.05. Patients in the recurrence group had higher maximum and V min , lower total, passive and active LA emptying fraction, and lower strain and strain rates ( Table 2 ). In addition, SD-TPS was significantly higher in the recurrence group than that of the AFfree group (3.9% vs. 2.2%; p < 0.001) ( Table 2 ). The LA dyssynchrony analysis was performed in a consistent manner in all cases and took approximately 9 min per case. Figure 4 MULTIVARIABLE ANALYSES. In model 1, a univariable (unadjusted) analysis identified age, BMI, AF type, history of heart failure, OSA, V min , S max , and SD-TPS as a contributors of AF recurrence ( Table 3) .
Patients with an SD-TPS <2.86% had protective hazards for recurrence compared with an SD-TPS of $2.86% (hazard ratio: 3.90; p < 0.001). After adjusting for age, sex, BMI, AF type, history of heart failure, OSA, hypertension, V min , and S max , the SD-TPS remained significantly associated with higher hazards of recurrence (hazard ratio: 1.21; p < 0.001) (model 4 in Table 3 ).
INTRA-ATRIAL
DYSSYNCHRONY PREDICTS AF RECURRENCE AFTER ABLATION. We used the training group to define a cutoff of SD-TPS (<2.86% vs. $2.86%) based on the receiver-operating characteristic curve, and applied the cutoff to the test group. We found that AF recurrence was significantly higher in patients with higher SD-TPS (p < 0.001) ( Figure 5 ). Based on this result, we developed a modified CAAP-AF risk score (11) points; $70, þ3 points), persistent or longstanding (þ2 points), antiarrhythmic failed (none, 0; 1 to 2, þ1 point;
>2, þ2 points), and sex category (female, þ1 point).
The modified CAAP-AF risk score showed a higher odds ratio (1.97 vs. 1.44) and a higher C-statistic (0.77 vs. 0.68; p ¼ 0.024) compared with the original CAAP-AF risk score ( Figure 6) . Similarly, the specificity and positive predictive value of intra-atrial dyssynchrony were higher compared with other indices of LA structure and function ( Table 4 ).
DISCUSSION
We found that intra-atrial dyssynchrony in preablation CMR is an independent predictor of Abbreviation as in Figure 3 . For example, intra-atrial dyssynchrony is a strong predictor of new-onset AF in patients with heart failure (12) . In addition, interatrial dyssynchrony predicts progression from paroxysmal to persistent AF (13) . Furthermore, intra-atrial dyssynchrony predicts recurrence after catheter ablation of paroxysmal AF (5, 14, 15) . To our knowledge, this is the first study to demonstrate intra-atrial dyssynchrony using CMR.
The validation and reproducibility of LA tissue tracking CMR have been established (16) . Compared with echocardiography, CMR is associated with higher in-plane spatial resolution and signal-to-noise ratio, which allows a better evaluation of thin LA walls (2 to 4 mm), particularly of the LA posterior wall where most of the fibrosis is localized.
Our findings suggest that intra-atrial dyssynchrony reflects the underlying LA remodeling independent of LA volume, similar to the extent of LA fibrosis detected by LGE (4) and LA function (3) . In fact, our results suggest that intra-atrial dyssynchrony is a more specific marker of myocardial tissue scarring than LA fibrosis or LA function ( Table 4 ). For example, although intra-atrial dyssynchrony was significantly associated with LA fibrosis (Figure 4) , the AUC of intra-atrial dyssynchrony was significantly higher than that of LA fibrosis, whereas the AUC of LA function was not ( Table 4 ). LA dyssynchrony also had a higher specificity. A possible explanation to account for these results is that intra-atrial dyssynchrony likely reflects subtle changes in atrial architecture that could generate AF, but are not captured by LGE.
Of note, our LA strains in patients without recurrence were higher than those of our previous report ( STUDY LIMITATIONS. This study represents a singlecenter analysis of patients referred for catheter ablation of AF. Therefore, there is a non-negligible chance of selection bias. Our definition of recurrence was strongly influenced by symptoms. Therefore, it is possible that we could have missed recurrence that is completely asymptomatic. For the dyssynchrony analysis, we used only 2-and 4-chamber cine CMR, which was included in a routine image acquisition protocol. Therefore, it is possible that our analysis AUC ¼ area under the receiver-operating characteristic curves; NPV ¼ negative predictive value; PPV ¼ positive predictive value; other abbreviations as in Tables 2 and 3 .
underestimated the degree of dyssynchrony by missing regions that were not covered by those 2 views. Because the strain was 2-dimensional and was obtained only in the in-plane direction, SD-TPS may have been underestimated compared with those obtained from 3D strains. In addition, the CMR temporal resolution may also explain our lower values of dyssynchrony compared with those of 3D echocardiogram (20) . Despite those potential causes of underestimation, our analysis demonstrated a significant association between intra-atrial dyssynchrony and AF recurrence. Therefore, we believe that the advantage of our approach outweighs the disadvantage of including more views to assess the whole LA deformation, which would increase the scan time and post-processing burden. 
CONCLUSIONS

Intra
